is widely believed to be an important forebrain structure involved in cognitive and sensory processes such as memory and pain. However, little work has been performed at the cellular level to investigate the synaptic basis of IC-related brain functions. To bridge the gap, the present study was designed to characterize the basic synaptic mechanisms for insular long-term potentiation (LTP). Using a 64-channel recording system, we found that an enduring form of late-phase LTP (L-LTP) could be reliably recorded for at least 3 h in different layers of IC slices after theta burst stimulation. The induction of insular LTP is protein synthesis dependent and requires activation of both GluN2A and GluN2B subunits of the NMDA receptor, L-type voltage-gated calcium channels, and metabotropic glutamate receptor 1. The pairedpulse facilitation ratio was unaffected by insular L-LTP induction, and expression of insular L-LTP required the recruitment of postsynaptic calcium-permeable AMPA receptors. Our results provide the first in vitro report of long-term multichannel recordings of L-LTP in the IC in adult mice and suggest its potential important roles in insula-related memory and chronic pain. long-term potentiation; insular cortex; multielectrode array; glutamate receptor; calcium-permeable AMPA receptor
INSULAR CORTEX (IC) is an integrating forebrain structure involved in several sensory and cognitive processes, such as learning, memory, and sensory perception (Apkarian et al. 2011; Bermudez-Rattoni 2004; Craig 2011; Gal-Ben-Ari and Rosenblum 2012) . Both electrophysiological recordings in experimental animals (Hanamori et al. 1998; Ogawa and Wang 2002 ) and brain imaging studies in human subjects (Brooks et al. 2005; Henderson et al. 2007; Schweinhardt et al. 2006 ) have consistently indicated important roles of the IC in pain processing. Additionally, the IC has also been implicated in the acquisition and storage of different learning and memory tasks such as conditioned taste aversion (CTA), novel taste learning, inhibitory avoidance, and object recognition memory (Berman and Dudai 2001; Bermudez-Rattoni et al. 1991 , 2005 Yefet et al. 2006) . Signaling mechanisms underlying aversive taste memory consolidation in the IC have been reported (for reviews, see Adaikkan and Rosenblum 2012; Guzman-Ramos and Bermudez-Rattoni 2011; Rosenblum 2008) . However, less information is available regarding the synaptic basis of IC-mediated sensory and cognitive functions.
Long-term potentiation (LTP), a cellular model of memory and chronic pain (Bliss and Collingridge 1993; Citri and Malenka 2008; Sacktor 2012; Zhuo 2007 Zhuo , 2008 , has been widely studied in a broad range of brain regions, such as hippocampus, amygdala, and neocortex (Rioult-Pedotti 2000; Rogan et al. 1997; Whitlock et al. 2006) . Previous studies using the in vivo recording technique have reported the existence of LTP in the basolateral amygdala (BLA)-IC pathway, which is NMDA receptor dependent and related to behavioral performance in the CTA test (Escobar et al. 1998 (Escobar et al. , 2002 Escobar and Bermudez-Rattoni 2000; Jones et al. 1999; Rodriguez-Duran et al. 2011) . Our recent work in the anterior cingulate cortex (ACC), using both in vivo and in vitro electrophysiological recordings, demonstrates that excitatory synapses are highly plastic in adult animals and postsynaptic AMPA receptors contribute to the expression of cingulate LTP (for review, see Zhuo 2007 Zhuo , 2008 . Unlike the ACC, however, little work has been performed on the basic mechanisms of in vitro insular LTP, including the possibility of late-phase LTP (L-LTP) induction.
In the present study, we wanted to investigate whether synaptic transmission in the IC can undergo L-LTP. Using a 64-channel multielectrode dish (MED64) recording system (Kang et al. 2012; Li et al. 2010) , we were able to not only record both early LTP (E-LTP) and L-LTP (at least 3 h) but also monitor LTP spatially in both superficial and deep layers of the IC. Moreover, we demonstrate that theta burst stimulation (TBS) can induce protein synthesis-dependent insular LTP that requires multiple receptors/ion channels for its production. We found a requirement for NMDA receptors, L-type voltage-gated calcium channels, and metabotropic glutamate receptor subtype 1 (mGluR1). The expression of insular L-LTP was found to depend on postsynaptic incorporation of calcium-permeable AMPA receptors (CPAMPARs). These observations are pertinent for the understanding of pain processing and other brain functions within the IC.
METHODS

Animals.
Experiments were carried out with male C57BL/6 mice (7-9 wk old, Orient Bio). All animals were fed in groups of four per cage under standard laboratory conditions (12:12-h light-dark cycle, temperature 22-26°C, air humidity 55-60%) with ad libitum water and mouse chow. The experimental procedures were approved by the Institutional Animal Care and Use Committee of Seoul National University. The number of animals used and their suffering were greatly minimized.
Drugs. The chemicals and drugs used in this study were as follows: D-(Ϫ)-2-amino-5-phosphonopentanoic acid (AP5), anisomycin, [(R)-[(S)-1-(4-bromophenyl)-ethylamino]-(2,3-dioxo-1,2,3,4-tetrahydroquinoxalin-5-yl)-methyl]-phosphonic acid (NVP-AAM077), R-(R*,S*)-␣-(4-hydroxyphenyl)-␤-methyl-4-(phenylmethyl)-1-piperidine propanol (Ro 25-6981), nimodipine, 2-methyl-6-(phenylethynyl)-pyridine (MPEP), 7-(hydroxyimino)cyclopropa [b] chromen-1a-carboxylate ethyl ester (CPCCOEt), (2S)-␣-ethylglutamic acid (EGLU), (RS)-␣-methylserine-O-phosphate (MSOP), and 1-naphthylacetyl spermine (NASPM). Among these AP5, NVP-AAM077, Ro 25-6981, MPEP, MSOP, and NASPM were dissolved in distilled water, while anisomycin, nimodipine, and CPCCOEt were prepared in dimethyl sulfoxide (DMSO) as stock solutions for frozen aliquots at Ϫ20°C. EGLU was dissolved in equimolar NaOH. All these drugs were diluted from the stock solutions to the final desired concentration in artificial cerebrospinal fluid (ACSF) before immediate use. AP5, anisomycin, Ro 25-6981, nimodipine, EGLU, MSOP, and NASPM were purchased from Tocris Cookson (Bristol, UK); MPEP and CPCCOEt were obtained from Abcam Biochemicals (Cambridge, UK). NVP-AAM077 was obtained from Sigma (St. Louis, MO). The doses for each compound were chosen based on our preliminary experiments as well as information in previous papers (Clem and Huganir 2010; Grover and Yan 1999; Liu et al. 2012; Toyoda et al. 2010; Wei et al. 1999; Wu et al. 2004; Zhao et al. 2005) . For the pharmacological characterization of the induction of insular LTP, all agents were perfused from 30 min prior to TBS until 30 min after TBS application (lasting 1 h). With regard to the evaluation of the expression mechanism of insular LTP, NASPM was given at 5 min after TBS and continued for 30 min before washout. All slices in the pharmacological experiments were used in only one recording session.
Slice preparation. The general procedures for making IC slices are similar to those described previously Wei et al. 2002) . Briefly, mice were anesthetized with gaseous isoflurane and decapitated. The whole brain was rapidly removed and immersed in a cold bath of oxygenated (95% O 2 -5% CO 2 ) ACSF containing (in mM) 124 NaCl, 2.5 KCl, 1.0 NaH 2 PO 4 , 1 MgSO 4 , 2 CaCl 2 , 25 NaHCO 3 , and 10 glucose, pH 7.35-7.45. After cooling for 1-2 min, appropriate portions of the brain were then trimmed and the remaining brain block was glued onto the ice-cold stage of a vibrating tissue slicer (Leika VT1000S). Then three coronal IC slices (300 m) were obtained at the level of the corpus callosum connection and transferred to an incubation chamber continuously perfused with oxygenated ACSF at 26°C. Slices were allowed to recover for at least 2 h before any electrophysiological recording was attempted.
Whole cell patch-clamp electrophysiology. For whole cell patchclamp electrophysiology, slices were individually transferred to a recording chamber on the stage of a BX51WI microscope (Olympus) equipped with infrared-differential interference contrast optics and superfused with the same ACSF at 2 ml/min for visualized whole cell patch-clamp recordings . Excitatory postsynaptic currents (EPSCs) were recorded from superficial-layer (layer II-III) pyramidal neurons with an Axon 200B amplifier (Axon Instruments), and local stimulations were delivered by a bipolar tungsten stimulating electrode placed in a deep layer (layer V-VI). The NMDA receptor-mediated components of EPSCs were pharmacologically isolated in Mg 2ϩ -free ACSF containing CNQX (20 M) and picrotoxin (100 M). The patch electrodes (2-5 M⍀) contained (in mM) 102 cesium gluconate, 5 TEA-chloride, 3.7 NaCl, 10 BAPTA, 0.2 EGTA, 20 HEPES, 2 MgATP, 0.3 NaGTP, and 5 QX-314 chloride (adjusted to pH 7.2 with CsOH). Neurons were voltage clamped at Ϫ30 mV, and NMDA receptor-mediated EPSCs were evoked at 0.05 Hz. Two doses of AP5 (50 and 100 M) were sequentially bath applied to test the consequences on NMDA receptor-mediated EPSCs. Initial access resistance (typically 15-30 M⍀) was monitored throughout the experiment. Data were filtered at 1 kHz and digitized at 10 kHz and were discarded if the access resistance changed Ͼ15%. Multichannel field potential recordings. A commercial 64-channel recording system (MED64, Panasonic Alpha-Med Sciences) was used for extracellular field potential recordings in this study. The procedures for preparation of the MED64 probe and multichannel field potential recordings were similar to those described previously (Kang et al. 2012; Li et al. 2010 ). The MED64 probe had an array of 64 planar microelectrodes, each 50 ϫ 50 m in size, arranged in an 8 ϫ 8 pattern (interelectrode distance 150 m: Fig. 1A, right) . Before use, the surface of the MED64 probe was treated with 0.1% polyethyleneimine (Sigma) in 25 mM borate buffer (pH 8.4) overnight at room temperature. After incubation, one slice was positioned on the MED64 probe in such a way that the IC area was entirely covered by the recording dish mounted on the stage of an inverted microscope (CKX41, Olympus). The relative location of the IC slice with the probe (see Fig. 1A , left, and Fig. 1B ) followed the anatomical atlas (Paxinos and Franklin 2001) . Once the slice was settled, a fine-mesh anchor (Warner Instruments, Harvard) was carefully positioned to ensure slice stabilization during recording. The slice was continuously perfused with oxygenated fresh ACSF at the rate of 2-3 ml/min with the aid of a peristaltic pump (Minipuls 3, Gilson) during the whole experimental period of electrophysiological recording.
After a 20-min recovery, 1 of the 64 available planar microelectrodes was selected from the 64-switch box for stimulation by visual observation through a charge-coupled device camera (DP70, Olympus) connected to the inverted microscope (Fig. 1B, red dot) . When not specified, monopolar, biphasic constant current pulses (0.1 ms in duration) generated by the data acquisition software (Mobius, Panasonic Alpha-Med Sciences) were applied to the deep layer (Fig. 1B , layer V-VI) of the IC slice at 0.008 Hz. The field excitatory postsynaptic potentials (fEPSPs) evoked at both the superficial layer (Fig. 1B , layer II-III) and deep layer of the IC were amplified by a 64-channel amplifier, displayed on the monitor screen, and stored on the hard disk of a microcomputer for off-line analysis. After the baseline synaptic responses were stabilized for at least 1 h, a TBS protocol (10 bursts at 5 Hz, 4 pulses at 100 Hz for each burst) was given at a stimulation intensity that was adjusted to elicit 40 -60% of the maximal response. After TBS, the test stimulus was repeatedly delivered once every 2 min for at least 3 h to allow long-term monitoring of insular L-LTP induction and maintenance. In another set of experiments, pairedpulse facilitation (PPF) was recorded prior to TBS and 1 h and 3 h after TBS to determine the locus of insular LTP expression. The ratio of the slope of the second response to the slope of the first response was calculated and averaged. The interpulse interval varied between 25, 50, 75, 100, and 200 ms.
Data analysis. Whole cell patch-clamp data were collected and analyzed with Clampex 10.2 and Clampfit 10.2 software (Axon Instruments). All multichannel electrophysiological data were analyzed off-line by the MED64 Mobius software. For quantification of the LTP data, the initial slope of fEPSPs was measured by taking the rising phase between 10% and 90% of the peak response, normalized and expressed as percent change from the baseline level. For comparison of the LTP magnitude between different treatments, the averaged value of the last 10 min of recordings was compared statistically. Here it is important to note that we used a statistical criterion for data inclusion in the present study. Specifically, for each channel, we performed a t-test by comparing the pre-LTP induction evoked responses (averaged value of the last 10-min baseline record-ing) to the postinduction responses (averaged value of the last 10 min of 3-h L-LTP recording). Only those channels reaching statistical significance at P Ͻ 0.05 were considered L-LTP-showing channels and were included in the final summarizing analysis for the control group and for those drugs having no effect on insular L-LTP. For those drugs blocking the induction of insular L-LTP, the channels showing reliable baseline responses before the conditioning were all included to avoid potential bias in the selection of channels. All data are presented as means Ϯ SE. When necessary, statistical significance was assessed by unpaired Student's t-test, Mann-Whitney rank sum test, or one-way ANOVA [followed by post hoc Fisher's least significant difference (LSD) test] with SigmaPlot software. P Ͻ 0.05 was assumed statistically significant.
RESULTS
Long-term in vitro multichannel recordings of insular L-LTP.
To assess the possibility of L-LTP induction in acute IC slices, we employed a 64-channel recording system as described recently (Kang et al. 2012) . The relative location of the MED64 probe within the IC slice is shown in Fig. 1, A and B. Generally, we concentrated our recording sites on the rostral IC region at the level of the corpus callosum connection, including three or four brain sections (300 m in thickness) ranging from bregma ϩ0.98 mm to bregma ϩ1.18 mm according to the mouse atlas in stereotaxic coordinates (Paxinos and Franklin F: summary of averaged data from 5 superficial channels in each category within the same slice. G: pooled data from 9 slices from 9 mice, separately illustrating the results of LTP-occurring channels and LTP-not occurring channels in the superficial layer. TBS application in the deep layer resulted in an enduring synaptic potentiation that could last for at least 3 h. However, some channels did not undergo LTP in response to the same protocol. Arrows in E-G indicate starting point of TBS application. Calibration in C-E: 100 V, 10 ms. Error bars in G represent SE.
2001) (Fig. 1A, left) . The stimulation site is usually located in the deep layer (layer V-VI) of the IC slice (Fig. 1B , red dot). One representative example recording is illustrated in Fig. 1C . It is evident that widespread fEPSPs could be evoked in both superficial (layer II-III) and deep layers of the IC slice when an electrical stimulation (14 A) was applied at channel (Ch.) 36, although some channels such as Ch. 56 showed no detectable response (Fig. 1D ). After the baseline recording was stabilized for at least 1 h, a TBS protocol (see METHODS) was delivered at the same stimulation intensity. We found that TBS did not induce LTP in all recording sites. Some sites showed L-LTP (at least 3 h), while others were less potentiated or remained unchanged at the pre-TBS level. For example, Ch. 47 showed a long-lasting LTP (160.7% of baseline at 3 h after TBS) in response to TBS, but Ch. 22 did not undergo any potentiation (98.9% of baseline at 3 h after TBS), although both channels are located in the superficial layer (Fig. 1, C and E) . The averaged data from five superficial channels for each condition of the same slice are plotted in Fig. 1F (LTP: 150.7% of baseline; no LTP: 103.1% of baseline at 3 h after TBS), while pooled data of nine slices from nine mice are presented in Fig.  1G . As demonstrated in the summarizing figure ( Fig. 1G ), those channels showing L-LTP after TBS first exhibited a strong acute potentiation (LTP vs. no LTP: 174.1 Ϯ 7.4% vs. 107.5 Ϯ 5.3% of baseline immediately after TBS; n ϭ 9 slices/9 mice, P ϭ 0.004, Mann-Whitney rank sum test) and then gradually declined to a relatively stable maintaining level of potentiation until the end of the 3-h recording (LTP vs. no LTP: 147.2 Ϯ 7.6% vs. 105.1 Ϯ 3.2% of baseline at 3 h after TBS; n ϭ 9 slices/9 mice, P Ͻ 0.
001, unpaired t-test).
A notable finding is that TBS also induced L-LTP in the deep layer of the IC. (Fig. 2D) . Interestingly, no obvious layerrelated difference was observed in the magnitude of either acute potentiation (LTP vs. no LTP: 164.7 Ϯ 5.6% vs. 109.0 Ϯ 8.1% of baseline immediately after TBS; n ϭ 9 slices/9 mice, P Ͻ 0.001, unpaired t-test) or L-LTP (LTP vs. no LTP: 156.3 Ϯ 7.1% vs. 98.4 Ϯ 3.6% of baseline at 3 h after TBS; n ϭ 9 slices/9 mice, P Ͻ 0.001, Mann-Whitney rank sum test) (compare Fig. 1G and Fig. 2D ). These results demonstrate, for the first time, simultaneous recording of L-LTP in different layers of the IC in adult mice.
Spatial analysis of insular LTP distribution. In addition to long-term recording of insular LTP across an extended timescale, we also performed spatial analysis of LTP distribution on the same slices mentioned above with a previously established method (Kang et al. 2012) . We defined the generation of LTP in a channel according to the statistical criterion mentioned in METHODS. The spatial distribution of LTP-occurring channels versus activated channels (including both LTP-occurring and LTP-not occurring channels) was then displayed by plotting a polygonal graph on a matrix representing the 8 ϫ 8 electrodes of the MED64 probe. The blue lines represent the activated channels and the red lines denote the LTP-occurring channels in Fig. 3 , A and B (n ϭ 9 slices/9 mice). In this way, the spatial map of LTP distribution within the whole recording screen can be easily discerned. We found that the LTPoccurring channels are mostly located in layer II-III and layer V-VI within 450 m around the stimulation site (Fig. 3B) . However, the spatial characteristics of insular L-LTP are indistinguishable between superficial and deep layers. In total, 96 channels (mean Ϯ SE: 10.7 Ϯ 1.2, 9 slices from 9 mice) exhibited clear synaptic responses in the superficial layer, with 46 channels (mean Ϯ SE: 5.1 Ϯ 0.5) exhibiting persistent LTP. In the deep layer, there were 42 LTP-occurring channels (mean Ϯ SE: 4.7 Ϯ 0.4, 9 slices from 9 mice) out of 117 fEPSPshowing channels (mean Ϯ SE: 13.0 Ϯ 1.2) (Fig. 3C ). There was no significant layer difference in the induction ratio (% of LTP-occurring channels vs. all activated channels) of insular L-LTP (superficial layer vs. deep layer: 52.7 Ϯ 6.8% vs. 48.9 Ϯ 5.2%; n ϭ 9 slices/9 mice, P ϭ 0.127, unpaired t-test; Fig.  3D ).
Induction of insular L-LTP is protein synthesis dependent. Previous research efforts on the mechanisms of L-LTP in the brain have reached the consensus that most forms of L-LTP are dependent on the synthesis of new proteins (Huang et al. 1994 (Huang et al. , 2000 Huang and Kandel 2007; Nguyen and Kandel 1996) . To examine whether induction of insular L-LTP is also protein synthesis dependent and to confirm the long-term nature of the LTP recorded in this study, we applied anisomycin (25 M) onto IC slices 30 min before TBS and indeed found a complete blockade of L-LTP (Fig. 4, A and B) . In the superficial layer the magnitude of L-LTP was reduced to 109.0 Ϯ 5.2% of baseline at 3 h after TBS (n ϭ 6 slices/5 mice; Fig. 4A ), while in the deep layer a similar abolition of L-LTP was observed (104.7 Ϯ 3.6% of baseline, n ϭ 6 slices/5 mice; Fig. 4B ). Moreover, we checked the effect of anisomycin perfusion on spatial properties of L-LTP distribution across the insular network. We found that anisomycin resulted in a marked shrinkage of the LTP map compared with the activation map before TBS. Specifically, 101 channels (mean Ϯ SE: 20.2 Ϯ 1.7) were activated from the 5 slices analyzed, but only 10 channels (mean Ϯ SE: 2.0 Ϯ 1.0, n ϭ 5 slices/4 mice) showed L-LTP and most of them were located in the superficial layer (Fig. 4, C and D) . These results indicate that induction of L-LTP in the IC requires new protein synthesis in both temporal and spatial domains, which is consistent with previous findings in other synapses. On the basis of these data, we can term what we recorded as L-LTP.
Induction of insular L-LTP involves activation of both GluN2A and GluN2B receptor subtypes. Next, we investigated whether the induction of insular LTP requires the activation of NMDA receptors. As expected, bath application of AP5 (100 M) completely prevented the induction of LTP in the IC slices (Fig. 5) . Figure 5 , A-D, present the whole view plot, single-channel response in the superficial layer (Ch. 30 as indicated in Fig. 5A ), average of five superficial channels in Fig. 3 . Spatial analysis of insular L-LTP distribution. A and B: polygonal diagrams of the channels that were activated (blue, A) and that showed L-LTP after TBS (red, B) in 9 slices from 9 mice. Black dots represent the 64 channels in the MED64 probe. Vertical lines indicate the layers in the IC slice. Overlapped blue regions denote frequently activated channels, while overlapped red regions indicate channels that show L-LTP. Red boxes in the center of the graphs mark stimulated channels, and number of green circles in the box indicates number of slices that were stimulated in each channel. Since the stimulation sites are usually located in these channels, they are not shown for other polygonal graphs. C: counts of the averaged number of channels that are activated and that undergo L-LTP in both superficial and deep layers. D: bar histogram of grouped data (n ϭ 9 slices/9 mice) showing % of LTP-occurring channels in superficial and deep layers of the IC. There was no layer-related difference in the induction ratio of insular L-LTP. Error bars in C and D represent SE. NS, no significance.
one slice, and grouped data from six slices, respectively, of L-LTP recordings in the presence of AP5. The potentiation was dramatically blocked (from 148.7 Ϯ 5.2% to 103.4 Ϯ 6.0% of baseline during the last 10 min of the 3-h LTP recording; n ϭ 7 slices/7 mice, P Ͻ 0.001, 1-way ANOVA followed by Fisher's LSD test; Fig. 5G) . A lower dose of AP5 (50 M) resulted in less but still significant blockade of insular L-LTP (113.6 Ϯ 2.3% of baseline during the last 10 min; n ϭ 5 slices/4 mice, P Ͻ 0.01; Fig. 5G ). Both GluN2A and GluN2B receptors have been reported to contribute to LTP at other synapses (Bartlett et al. 2007; Berberich et al. 2005; Fox et al. 2006; Liu et al. 2004; Volianskis et al. 2013; Zhang et al. 2008; Zhao et al. 2005; Zhuo 2009 ). Thus we determined the effects of NVP-AAM077 (100 nM) and Ro 25-6981 (3 M) on the induction of LTP in acute IC slices. Previous studies have shown the relative selectivity of the two drugs at the above doses against GluN2A and GluN2B, respectively (Bartlett et al. 2007; Berberich et al. 2005; Volianskis et al. 2013; Wu et al. 2007; Zhao et al. 2005) . Infusion of Ro 25-6981 at 3 M produced a substantial inhibition of insular L-LTP generation in the superficial layer (105.3 Ϯ 6.4% of baseline within the last 10 min; n ϭ 6 slices/5 mice, P Ͻ 0.001, 1-way ANOVA followed by Fisher's LSD test; Fig. 5, E and G) . Preexposure of the slice to NVP-AAM077 (100 nM) resulted in a similar blockade of insular L-LTP induction (106.1 Ϯ 5.0% of baseline within the last 10 min; n ϭ 6 slices/5 mice, P Ͻ 0.001, 1-way ANOVA followed by Fisher's LSD test; Fig. 5, F and  G) . A lower dose of NVP-AAM077 (50 nM) also significantly prevented the L-LTP initiation in the IC slice (111.9 Ϯ 3.1% of baseline during the last 10 min; n ϭ 5 slices/4 mice, P Ͻ 0.01; Fig. 5G ).
Similar inhibitory effects of NMDA receptor antagonists on insular L-LTP induction were found in the deep layer (Fig. 6 ). As shown in Fig. 6 , A-C, bath perfusion of AP5 (100 M), Ro 25-6981 (3 M), or NVP-AAM077 (100 nM) led to the inability of deep-layer recording sites to exhibit clear L-LTP, with the averaged fEPSP slope measured during the last 10 min being 95.8 Ϯ 2.2% (n ϭ 6 slices/6 mice, P Ͻ 0.001), 98.5 Ϯ 3.3% (n ϭ 6 slices/5 mice, P Ͻ 0.001), and 101.6 Ϯ 4.4% (n ϭ 6 slices/5 mice, P Ͻ 0.001, 1-way ANOVA followed by Fisher's LSD test) for AP5, Ro 25-6981, and NVP-AAM077, respectively (Fig. 6I) . Taken together, these results suggest that induction of L-LTP in the IC requires activation of both GluN2A and GluN2B receptor subunits.
Because 50 M AP5 did not abolish the induction of L-LTP, we decided to test the effects of AP5 on NMDA receptormediated EPSCs with whole cell patch-clamp recordings. We found that 50 M AP5 completely blocked the NMDA responses. Similar results were obtained with 100 M AP5 (Fig. 7, A and B) . These results suggest that there are possible NMDA receptorindependent forms of L-LTP in the IC. Consistently, in the 100 M AP5-treated group, we also found some individual chan-nels undergoing L-LTP (see below for the number of LTPoccurring channels; averaged fEPSP slope 145.4 Ϯ 8.1% of baseline at 3 h after TBS, n ϭ 4 slices/4 mice). Furthermore, we evaluated the effect of AP5 on LTP distribution maps. The results showed that AP5 (100 M) produced a dramatic reduction of the LTP-occurring map while the activation map remained unaffected. In total, 128 channels (mean Ϯ SE: 18.3 Ϯ 0.8, n ϭ 7 slices/7 mice) exhibited clear fEPSPs but only 16 channels (mean Ϯ SE: 2.3 Ϯ 1.2) underwent L-LTP (Fig. 7, C  and D) . Therefore, similar to anisomycin, the blocking effects of AP5 on insular L-LTP have both temporal and spatial aspects. Spatial analysis of the LTP maps in the presence of Ro 25-6981 (n ϭ 6 slices/5 mice) and NVP-AAM077 (n ϭ 6 slices/5 mice) obtained results consistent with AP5, where much fewer LTP-occurring channels were detected and scattered mainly in the superficial layer (Fig. 8) .
Roles of L-type voltage-gated calcium channels. To determine any involvement of voltage-gated calcium channels in insular L-LTP induction, we perfused IC slices with nimodipine (a selective L-type voltage-gated calcium channel blocker, 10 M) and found an effective, although not complete, attenuation of synaptic potentiation (Fig. 9) . The whole 64-channel view of synaptic responses of one representative slice is illustrated in Fig. 9A for both before TBS and 3 h after TBS in the presence of nimodipine. Figure 9 , B and C, show the singlechannel data (Ch. 38 as indicated in Fig. 9A ) and averaged data from four channels in the superficial layer of the same slice, respectively. Pooled results from a series of similar experiments are summarized in Fig. 9D . On average, the magnitude of insular L-LTP was significantly reduced to 106.0 Ϯ 3.5% of baseline at 3 h after TBS (n ϭ 6 slices/5 mice, P Ͻ 0.001, unpaired t-test). Nimodipine could equally prevent L-LTP induction in the deep layer of the IC slice (105.2 Ϯ 3.3% of baseline within the last 10 min of recording; n ϭ 6 slices/5 mice, P Ͻ 0.01, 1-way ANOVA followed by Fisher's LSD test; Fig. 6 , D and I). Pretreatment with nimodipine also resulted in a much smaller LTP distribution map among the IC network, with only 11 LTP-occurring channels (mean Ϯ SE: 2.2 Ϯ 0.4, n ϭ 5 slices/4 mice) out of 123 fEPSP-showing channels (mean Ϯ SE: 24.6 Ϯ 2.8; Fig. 9, E and F) .
Selective involvement of mGluR1 in insular L-LTP induction.
In addition to NMDA receptors, mGluRs have been reported to contribute to LTP induction and modulation in the brain (for reviews, see Anwyl 1999; Bordi and Ugolini 1999; Bortolotto et al. 1999) . To test the mGluR dependence of insular L-LTP, we examined the consequences of administration of MPEP and CPCCOEt, two drugs selectively antagonizing activation of mGluR5 and mGluR1, respectively . Figure 10 , A-D, illustrate the whole view response, single-channel (Ch. 27 as indicated in Fig. 10A ) data within a slice, averaged recordings of five superficial channels from one slice, and grouped data from six slices from six mice, respectively, regarding the effect of MPEP (10 M) on insular LTP. MPEP infusion failed to produce any effect on the development of insular L-LTP in the superficial layer (143.9 Ϯ 4.5% of baseline during the last 10 min recording; n ϭ 6 slices/6 Fig. 6 . Summary of effects of all drugs on insular L-LTP induction in the deep layer of the IC. A: pooled data from 6 slices from 6 mice for AP5 (100 M). B: pooled data from 6 slices from 5 mice for Ro 25-6981 (3 M). C: summarized data from 6 slices from 5 mice for NVP-AAM077 (100 nM). D: summarized data from 6 slices from 5 mice for nimodipine (10 M). E: summarized data from 6 slices from 6 mice for 2-methyl-6-(phenylethynyl)-pyridine (MPEP, 10 M). F: grouped data from 8 slices from 7 mice for 7-(hydroxyimino)cyclopropa mice, P ϭ 0.684, 1-way ANOVA followed by Fisher's LSD test; Fig. 10H ). By contrast, pretreatment with CPCCOEt (100 M) gave a partial but significant inhibition of insular L-LTP (117.1 Ϯ 3.2% of baseline within the last 10 min; n ϭ 8 slices/7 mice, P Ͻ 0.001, 1-way ANOVA followed by Fisher's LSD test; Fig. 10, E and H) .
Besides group I mGluRs, previous literatures suggest the modulatory role of group II and group III mGluRs in LTP (Grover and Yan 1999; Huang et al. 1997; O'Leary and O'Connor 1998; Wu et al. 2004) . Therefore, we also tested the actions of EGLU (a selective group II mGluR antagonist; Wu et al. 2004 ) and MSOP (a group III mGluR antagonist; Grover and Yan 1999) on insular L-LTP. Neither EGLU (100 M) nor MSOP (100 M) exerted any inhibition of the initiation of insular L-LTP (EGLU: 162.5 Ϯ 3.1% of baseline within the last 10 min, n ϭ 5 slices/5 mice, P ϭ 0.625; MSOP: 156.8 Ϯ 4.8% of baseline within the last 10 min, n ϭ 6 slices/6 mice, P ϭ 0.552, 1-way ANOVA followed by Fisher's LSD test; Fig.  10, F-H) .
Similar results were obtained from the deep layer (Fig. 6,  E-I) . Specifically, the averaged fEPSP slope during the last 10 min of recording was as follows: MPEP 138.2 Ϯ 2.4% of baseline (n ϭ 6 slices/6 mice), CPCCOEt 111.6 Ϯ 3.2% of baseline (n ϭ 8 slices/7 mice), EGLU 145.9 Ϯ 5.4% of baseline (n ϭ 5 slices/5 mice), and MSOP 146.8 Ϯ 3.2% of baseline (n ϭ 6 slices/6 mice) (all P Ͼ 0.05 except CPCCOEt at P Ͻ 0.01, ANOVA followed by Fisher's LSD test; Fig. 6I ). We also performed network analysis of the LTP distribution maps by counting the number of activated and LTP-occurring channels in the four drug-treated groups of IC slices. As expected, all drugs had no effect on the LTP maps except CPCCOEt, which caused a dramatic decrease in the number of LTP-occurring channels (mean Ϯ SE: 3.3 Ϯ 0.5, n ϭ 7 slices/6 mice) compared with the fEPSP-showing channels before TBS (mean Ϯ SE: 18.1 Ϯ 1.3; Fig. 11 ). Taken together, these data indicate that induction of insular L-LTP is dependent on the activation of mGluR1 but with no involvement of other mGluR subtypes.
Postsynaptic recruitment of CP-AMPARs during insular L-LTP.
To investigate the locus of insular L-LTP expression, we first recorded the PPF during the baseline (prior to TBS) and at 1 h and 3 h after TBS. The paired-pulse ratio at various intervals is shown in Fig. 12, A and B, and Fig. 13, A and B, for superficial layer and deep layer, respectively. No significant difference was detected in either layer (n ϭ 5-6 slices/4 -6 mice, P ϭ 0.258 and P ϭ 0.772 at 50-ms interval for superficial layer and deep layer, 1-way ANOVA), indicating that the locus of L-LTP expression is most likely postsynaptic.
GluA2-lacking CP-AMPARs have been increasingly recognized as an important player in several types of synaptic plasticity and plasticity-related behaviors such as memory and pain processing (Clem and Huganir 2010; Descalzi et al. 2012; Gangadharan et al. 2011 ; for reviews, see Isaac et al. 2007; Liu and Zukin 2007; Man 2011) B: summarized data of normalized NMDA current amplitude in 3 different states. Asterisks indicate significant difference from baseline, while ns denotes no significant difference between the 2 doses (50 M: n ϭ 7 neurons/3 mice; 100 M, n ϭ 3 neurons/2 mice). Error bars represent SE. C and D: polygonal diagrams of channels that were activated (blue, C) and that showed L-LTP after TBS (red, D) in the presence of AP5 (100 M, n ϭ 7 slices/7 mice). It is evident that the spatial distribution of LTP-occurring channels was greatly diminished when IC slices were pretreated with AP5. potentiation in the superficial layer as qualified at 3 h after TBS (single channel: Ch. 38, 97.1% of baseline, Fig. 12 , C and D; averaged 4 channels from 1 slice: 103.5% of baseline, Fig.  12E ; pooled data: 106.1 Ϯ 4.8% of baseline, n ϭ 7 slices/7 mice, P Ͻ 0.001, unpaired t-test, Fig. 12F ). Similarly, deeplayer L-LTP was also robustly blocked by a 30-min treatment with NASPM (averaged 6 channels from one slice: 99.5% of baseline, Fig. 13C ; pooled data: 105.0 Ϯ 3.0% of baseline, n ϭ 7 slices/7 mice, P ϭ 0.001, Mann-Whitney rank sum test, Fig.  13D ). In addition, NASPM application also blocked insular L-LTP spatially (Fig. 13, E and F) . Specifically, there are a total of 108 channels (mean Ϯ SE: 18.0 Ϯ 1.1) being activated from the 6 slices included in the spatial analysis, but only 22 channels (mean Ϯ SE: 3.7 Ϯ 1.1) showed L-LTP (Fig. 13F) . Interestingly, the LTP-occurring channels were sparsely distributed across all layers. These findings indicate that postsynaptic recruitment of CP-AMPARs is a necessary step for insular L-LTP expression, which is in large consistence with previous results in other central synapses (Guire et al. 2008; Lu et al. 2007; Plant et al. 2006; Toyoda et al. 2007 ; but see Adesnik and Nicoll 2007) .
DISCUSSION
It is believed that the IC is an important forebrain structure involved in key functions of the mammalian brain, including incentive evaluation, interoceptive awareness, pain perception, and learning and memory formation (Apkarian et al. 2011; Bermudez-Rattoni 2004; Craig 2011; Gal-Ben-Ari and Rosenblum 2012; Zhuo 2008 ). In addition, synaptic plasticity has become a widely accepted cellular model underlying a variety of higher brain functions and behaviors (Bliss and Collingridge 1993; Citri and Malenka 2008; Zhuo 2005 Zhuo , 2008 . Surprisingly, to date little effort has been attempted to link these two aspects together by elucidating insular synaptic transmission and plasticity at the physiological level. The present study, to our knowledge, is the first report to systematically characterize the electrophysiological and pharmacological properties of insular LTP in acute IC slices from adult mice. We demonstrate that excitatory synapses in the IC are highly plastic and within-insula tetanic stimulation evokes protein synthesis-dependent L-LTP in the neighboring regions encompassing both superficial and deep layers of the IC. The induction of insular L-LTP requires activation of multiple mechanisms, including NMDA receptors, L-type voltage-gated calcium channels, and mGluR1 receptors. The expression of insular L-LTP is mainly mediated by postsynaptic CP-AMPAR-related mechanisms. Although much of the signaling pathways for the insular L-LTP remains to be determined, our study provides an important model for future investigations of molecular mechanisms for insular LTP as well as the possible functional significance.
Mapping L-LTP in the insular circuit. A recent study using the whole cell patch-clamp recording technique shows that glutamate is the major excitatory transmitter in the IC and basal synaptic transmission is mainly mediated by postsynaptic AMPA and kainate receptor (KA) receptors ). The present study extends the previous work by investigating synaptic L-LTP in adult IC slices. To map the L-LTP taking place within the IC circuit, we used a 64-channel multielectrode array recording system as recently described in a separate study (Kang et al. 2012) . We found that TBS produced L-LTP at both superficial (II-III) and deep (V-VI) layers of the IC. Spatial analysis of LTP distribution showed that not every activated channel would undergo LTP, with the spreading scope of LTP-occurring channels being smaller than that of the fEPSP-showing (activated) channels. Notably, among these LTP-occurring channels, there was no apparent layer-related difference in either induction rate or maintenance magnitude of insular L-LTP.
Previously, the induction of LTP at the BLA-IC pathway was described by the use of electrophysiological recordings in anesthetized rats (Escobar et al. 1998 (Escobar et al. , 2003 . This form of in vivo insular LTP was found to be correlated with the animal's performance in the CTA task (Escobar and Bermudez-Rattoni 2000; Rodriguez-Duran et al. 2011) . In addition, our earlier work on the roles of calcium/calmodulindependent protein kinase IV (CaMKIV) in fear memory showed a clear defect in in vitro LTP induction in IC slices prepared from CaMKIV Ϫ/Ϫ mice, but with significant potentiation being detectable in wild-type insular synapses (Wei et al. 2002) . Nevertheless, only a short-term LTP was recorded in that study (40 min), and no spatial or pharmacological characterization of insular LTP was performed. Therefore, the present study confirmed and further extended these previous observations by presenting a much longerlasting and widely distributed form of in vitro insular L-LTP, which lasts for at least 3 h and spreads to both superficial and deep layers of the IC slice. The insular L-LTP reported here is protein synthesis dependent, as evidenced by a significant blockade of the LTP induction (Rosenzweig and Barnes 2003; Yoshimura et al. 2003; Zhang et al. 2008) . Compared with other central synapses such as the hippocampus and ACC, however, little information is available on the induction mech- anisms of LTP in the IC. The present study reveals, for the first time, that in vitro induction of insular L-LTP depends on the activation of NMDA receptors and L-type voltage-gated calcium channels. Moreover, we demonstrate that both GluN2A and GluN2B subunits are involved in insular L-LTP. There is considerable controversy regarding the role of GluN2A and GluN2B subtypes in synaptic plasticity. On one hand, GluN2B receptor activation has been demonstrated to participate in LTD induction in either hippocampus (Duffy et al. 2008; Liu et al. 2004) or cortex (Massey et al. 2004; Toyoda et al. 2005) , while on the other hand, there are several reports indicating its role in LTP induction in hippocampus (Bartlett et al. 2007; Fox et al. 2006; Tang et al. 1999; Zhang et al. 2008) and ACC . Variable results have also been reported in terms of GluN2A and LTP (Bartlett et al. 2007; Liu et al. 2004; Massey et al. 2004; Yoshimura et al. 2003; Zhao et al. 2005) or LTD (Bartlett et al. 2007; Fox et al. 2006; Toyoda et al. 2005 ). Here we reveal the important role of both GluN2A and GluN2B in insular L-LTP induction, reminiscent of their joint involvement in cingulate LTP and LTP in adult hippocampus (Volianskis et al. 2013) . Moreover, we report dramatic alterations in the spatial distribution of LTPoccurring channels across the IC network in the presence of all three NMDA receptor antagonists. These data are partially consistent with previous behavioral results concerning NMDA receptors and IC-related taste memory. For example, activation of the NMDA receptors in the IC has been reported to contribute to the acquisition, consolidation, and taste-illness association in the CTA task (Berman et al. 2000; Ferreira et al. 2002) . Furthermore, novel taste learning elicited an apparent increase in tyrosine phosphorylation of the GluN2B subunit in the IC (Barki-Harrington et al. 2009; Rosenblum et al. 1997) . Pharmacological blockade of GluN2B tyrosine phosphorylation attenuated the taste memory formation by altering the distribution pattern of NMDA receptors (BarkiHarrington et al. 2009 ). Thus it would be of great interest for future studies to examine any change of the GluN2B or GluN2A phosphorylation state associated with L-LTP induction in the IC.
In addition to ionotropic glutamate receptors, a large body of literature has shown an intimate relationship between mGluRs and LTP (Bordi and Ugolini 1999; Bortolotto et al. 1999; Huang et al. 1997; Liu et al. 2012) . In particular, studies from knockout mice have revealed differential roles of mGluR5 and mGluR1 in hippocampal LTP, with mGluR5 predominantly contributing to NMDA receptor-dependent LTP in CA1 and dentate gyrus (Lu et al. 1997 ; but see Bortolotto et al. 2005) and mGluR1 mainly involved in NMDA receptor-independent LTP at mossy fiber synapses (Conquet et al. 1994) . Our results showed that pharmacological inhibition of mGluR1 activation substantially reduced insular L-LTP induction and spatial distribution, whereas antagonism of mGluR5 had no effect. This selective involvement of mGluR1 stands in contrast to previous findings in in vivo electrophysiological recordings, where intracortical administration of the mGluR antagonist (RS)-␣-methyl-4-carboxyphenylglycine (MCPG) could not disrupt the LTP induction in the BLA-IC pathway (Escobar et al. 2002) . The reasons for the discrepancy might be attributable to differences in the recording method (in vitro vs. in vivo) and the specificity of the drug used (selective mGluR5 and mGluR1 antagonist vs. nonselective mGluR antagonist). Supporting the present electrophysiological data, however, behavioral studies revealed an impairment of CTA encoding by intra-IC injection of MCPG (Berman et al. 2000) . Finally, we found no effect of selective group II and group III mGluR antagonists on the induction of insular L-LTP either temporally or spatially. It is Fig. 11 . Spatial analysis of the effects of mGluR antagonists on LTP distribution maps in the IC. A and B: polygonal graphs of activated (blue, A) and LTPoccurring channels (red, B) among the insular network when TBS is applied in the presence of MPEP (10 M, n ϭ 6 slices/6 mice). C and D: corresponding results for CPCCOEt (100 M, n ϭ 7 slices/6 mice). E and F: data for EGLU (100 M, n ϭ 5 slices/5 mice). G and H: findings with MSOP (100 M, n ϭ 5 slices/5 mice). Among the 4 drugs tested, only CPCCOEt produced a significant shrinkage in the insular L-LTP map compared with the activation map.
unlikely that these negative results of mGluR antagonists were due to insufficient doses used in the present study, because the same doses of the drugs have been shown previously to be effective in vitro (Grover and Yan 1999; Wu et al. 2004) . Therefore, it could be logically deduced that induction of insular L-LTP in the present conditions is indeed NMDA receptor-and mGluR1 dependent, but without any mediating or modulating role of group II and group III mGluRs.
Expression of insular LTP involves postsynaptic recruitment of CP-AMPARs. The present findings provide new insights into the basic mechanisms for the expression of insular LTP in two aspects. First, our paired-pulse recordings showed no clear alterations in PPF in either superficial or deep layer after TBS, presenting direct electrophysiological evidence for a postsynaptic locus of insular L-LTP expression. Second, the present data suggest the involvement of CP-AMPARs trafficking in the expression of insular L-LTP. Transient synaptic incorporation of CP-AMPARs has been previously reported during the early phase of LTP, and rapid pharmacological inhibition of CPAMPARs consistently yields a reversal of LTP expression in both hippocampus (Guire et al. 2008; Lu et al. 2007; Plant et al. 2006 ; but see Adesnik and Nicoll 2007) and ACC (Toyoda et al. 2007 ). insular L-LTP might equally relate to the synaptic trafficking of CP-AMPARs. Moreover, CP-AMPAR-mediated calcium influx may provide another source of intracellular calcium required for the initiation of insular LTP in addition to the role of NMDA receptors and L-type voltage-gated calcium channels. However, NASPM application in naive slices did not affect the baseline synaptic transmission, indicating the lack of CP-AMPARs at insular synapses under basal conditions (Liu et al., unpublished observations) . In the present study, we did not detect any depression of synaptic transmission below the baseline level by post-TBS NASPM treatment, which is in line with previous reports in the hippocampus (Lu et al. 2007; Plant et al. 2006 ) and ACC (Toyoda et al. 2007 ). The exact reasons for this phenomenon are not clear but might be due to the fact that in insular L-LTP CP-AMPARs are added to the existing component of calcium-impermeable AMPARs. Future studies are clearly warranted to reveal the exact postsynaptic mechanisms. Collectively, these results support the notion that activitydependent insertion of CP-AMPARs into potentiated synapses may constitute an important mechanism employed by many central synapses for expression of LTP.
In conclusion, the present study is the first to demonstrate long-term in vitro multichannel recordings of L-LTP in adult mice IC and provide an initial assessment of the mechanisms underlying induction and expression of insular LTP. The main significance of this study is that it partially bridges the gap among previous behavioral, pharmacological, and biochemical studies performed in the IC by establishing a cellular/synaptic model of L-LTP of synaptic transmission in this area. Future intensive research efforts into more detailed mechanisms of insular LTP and their behavioral relevance might be helpful for facilitating our understanding of the synaptic basis for the involvement of the IC in several higher brain functions including pain perception and memory encoding. and LTP-occurring (red, F) channels among the insular network when NASPM is applied at 5 min after TBS (n ϭ 6 slices/6 mice). Compared with the baseline state, very few channels showed L-LTP after NASPM application.
